At sites of vessel wall damage, the primary hemostatic reac-(320 mPa). ECM coated with both platelets and fibrin induced more static and shear-resistant PMN adhesion. PMN tion involves platelet and fibrin deposition. At these sites, circulating leukocytes marginate and become activated. Adadhesion to fibrin alone but not to platelet/fibrin surfaces was inhibited by soluble fibrinogen. Adhesion to fibrin alone hered platelets can support leukocyte localization; however, the role of fibrin in this respect is not known. We studied was inhibited by CD11b and CD18 blocking antibodies. by vessel wall damage and platelet and fibrin deposition is considered to play a role in the pathogenesis of several disMoreover, PMN adhesion to thrombi formed at the extracellular matrix (ECM) under flow conditions has been even less eases.
by vessel wall damage and platelet and fibrin deposition is considered to play a role in the pathogenesis of several disMoreover, PMN adhesion to thrombi formed at the extracellular matrix (ECM) under flow conditions has been even less eases. 1 Indeed, neutrophils participate in the propagation of deep venous thrombosis and atherosclerosis by adhesion to studied. We investigated whether different types of surfacebound fibrin can support PMN adhesion under flow condithe fibrin-and platelet-rich layers within thrombi or atherosclerotic plaques. 2, 3 In vivo studies of a thrombus formed in tions, and addressed the role of the cellular adhesion molecules. Adhesion of neutrophils to fibrin surfaces was an arteriovenous shunt in baboons showed colocalization of neutrophils, platelets, and fibrin deposition. 4 In vitro, polycompared with adhesion to immobilized platelets. Our experiments provide new insights into the PMN adhesion to hemomorphonuclear leukocytes (PMNs) were shown to adhere to thrombotic substrates such as activated platelets, fibrinogen, static surfaces that occurs in the damaged vessel wall. and fibrin networks. 1, 5 PMN and monocyte adhesion to fibrinogen is mediated
MATERIALS AND METHODS
by the b 2 -integrins (MAC-1 and p150.95) [6] [7] [8] [9] and by the b 3 -Monoclonal Antibodies (MoAbs) integrin-related leukocyte response integrin. 10 Leukocyte re-
The MoAb LAM1-3 (CD62l, anti-L-selectin, 5 mg/mL for sponse integrin recognizes arginyl-glycyl-aspartyl (RGD) seblocking studies) was a kind gift from T. Tedder (Harvard Medical quences in soluble fibrinogen, which induces phagocytosis.
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School, Boston, MA). 16 The MoAb WASP12.2 (CD62p, anti-P-MAC-1 (CD11b/CD18) binds to a region within the g-chain selectin, 1 mg/mL for blocking studies) was purchased from Endogen of fibrinogen, 12, 13 whereas p150.95 (CD11c/CD18) recog-(Boston, MA). MoAbs 44a (CD11b, 10 mg/mL for blocking studies), nizes the N-terminus of the a-chain. 7 MAC-1 and p150.95 IB4 (CD18, 10 mg/mL for blocking studies), and TS-1 (CD11a, 10 are constitutively expressed on resting PMNs, but have a mg/mL for blocking studies) were isolated from the supernatant of low affinity for their ligands. 14 MAC-1 as a result of redistribution from intracellular (CD66b) was purchased from Immunotech (Marseille, France).
stores. Glass cover slips coated with tissue factor-rich ECM of PMA-stimulated HUVECs were treated under different conditions. This pretreatment resulted in cover slip coating with fibrin, fibrinogen, platelets, and plasma factors in different combinations and quantities. The presence of fibrin(ogen) and the percentage of surface covered with platelets was evaluated by light microscopy and image analysis (see Fig 1) .
network covered more than 75% of the surface and consisted of ECM Coating thick fibrin fibers, mostly oriented parallel to the direction of the Human umbilical vein endothelial cells (HUVECs) were isolated flow (Fig 1B and C) . Some single platelets were incorporated in the from human umbilical cord veins according to the method of Jaffe fibrin network (õ1% coverage). A Fb-flow surface free of platelets et al, 17 with minor modifications. 18 The cells were cultured in RPMI was made by perfusing filtered plasma (instead of PPP) at a shear 1640 containing penicillin, streptomycin, and amphotericin B, with stress of 20 mPa. This surface was designated Fb-flow (no platelets). 20% (vol/vol) heat-inactivated human serum. Endothelial cells of Platelets. A platelet surface was made by perfusing whole blood the second passage were harvested by trypsin digestion, subcultured (anticoagulated with 0.34% wt/vol trisodium-citrate) over a tissue on glass 1% gelatin-coated cover slips, and grown to confluence in factor-rich ECM-coated cover slip as described previously. 20 In 5 to 7 days. Tissue factor-rich ECM was obtained as described short, whole blood was perfused at a shear rate of 1,600 s 01 (ie, a previously. 19 In short, HUVECs were stimulated with the phorbol shear stress of Ç7 Pa) in a recirculating system (7 minutes at 37ЊC). ester PMA (20 ng/mL overnight) and removed from the cover slips This resulted in a platelet coverage of the ECM-coated cover slips by treatment with 0.1 mol/L NH 4 OH (5 minutes at room temperature of 85% { 4% (mean { SE, n Å 24). Under these conditions, no [RT]). Isolated matrices were washed and kept in phosphate-buffered fibrin fiber deposition was present. saline at 4ЊC for a maximum of 3 weeks.
Fb / platelets. ECM cover slips were perfused twice to obtain a surface with a fibrin network together with platelets: a first perfu-
Perfusion Surfaces
sion was performed with PPP as described, followed by a perfusion Fibrin and platelet coating of glass cover slips was performed with citrated whole blood. As a result, platelets adhered to the fibrin under varying conditions. Table 1 and Fig 1 summarize some of the network covering 30% to 40% of the total surface ( Fig 1D) . typical features of the different surfaces. To determine the percentage Fibrinogen-pure and Fb-pure. Purified fibrinogen was coated of surface covered with fibrin or platelets, some of the cover slips on a gelatin-coated glass cover slip. For this purpose a glass cover were fixed (1% paraformaldehyde) and stained with May-Grünwald slip was coated with gelatin (1% wt/wt gelatin in phosphate-buffered Giemsa. Coverage was evaluated by light microscopy and image saline, 10 minutes at RT), washed, and incubated in a fibrinogen analysis using a Quantimet 570C (Leica/Cambridge, Cambridge, solution (5 mg/mL in HEPES buffer, 30 minutes at RT). Addition-UK). All surfaces (except the ECM control) showed a homogeneous ally, some of the fibrinogen-coated cover slips were incubated with coverage with either platelets or fibrin(ogen).
thrombin (1 U/mL HEPES buffer, 10 minutes at 37ЊC), resulting in ECM control. Tissue factor-rich ECM of endothelial cells was fibrinogen cleavage and formation of pure fibrin. These surfaces used to coat cover slips as described. When used as a control surface, were designated Fb-pure. In control experiments, remaining thromit was preincubated with plasma from citrate-anticoagulated blood bin activity was antagonized by incubation with PPACK (1 mmol/ (20 minutes at 37ЊC) to allow plasma protein coating without fibrin L in HEPES buffer 20 minutes at RT). formation.
Fb-static. A fibrin network was obtained by incubating tissue
Neutrophil Isolation
factor-rich ECM-coated cover slips with platelet-poor plasma (PPP) from heparinized blood (10 minutes at 37ЊC). PPP (õ10 4 platelets/ Blood was obtained from healthy volunteers from the Blood Bank, Utrecht, The Netherlands. Mixed granulocytes were purified from mL plasma) was obtained by centrifugation (5 minutes at 3,500 rpm at 5ЊC) of whole blood of healthy donors, which was anticoagulated the buffy coat of 500 mL blood anticoagulated with 0.34% (wt/ vol) trisodium-citrate (pH 7.4) as described previously. 21 In short, with 20 U/mL low-molecular-weight heparin (Fragmin; Kabi Vitrum, Stockholm, Sweden). Incubation of ECM cover slips with PPP mononuclear cells were removed by centrifugation over Ficoll-Paque (density, 1.077/mL). The remaining erythrocytes were lysed by incuunder static conditions resulted in a homogeneous network of randomly oriented fibers covering 75% of the surface, and was desigbation in isotonic 115-mmol/L ammonium chloride solution (pH 7.4) at 4ЊC for 20 minutes. Cells were washed twice, diluted in HEPES nated Fb-static (Fig 1A) .
Fb-flow. A fibrin network formed under flow conditions was buffer (2 1 10 6 cells/mL), and kept at room temperature until the start of the perfusion. Neutrophil purity was greater than 95%, and formed by perfusion of PPP over tissue factor-rich ECM-coated cover slips. For surfaces designated Fb-flow, plasma perfusion was viability measured with Trypan blue exclusion was greater than 98%; morphology was controlled by light microscopy. Before perfusion, performed at a shear stress of 20 mPa (10 minutes at 37ЊC). For Fbflow (shear 1) and Fb-flow (shear 80), shear stresses of 1 and 80 neutrophils were always prewarmed for 5 minutes at 37ЊC. For blocking experiments, neutrophils were preincubated with MoAbs mPa were used, respectively. After perfusion, the cover slips were rinsed with HEPES buffer to remove plasma remnants. The fibrin or fibrinogen for 30 minutes at room temperature.
AID Blood 0037 / 5h2a$$$722 11-26-96 09:08:25 blda WBS: Blood syringe pump (Harvard Apparatus, South Natick, MA). In this way,
Perfusion Chamber
the flow rate through the chamber could be precisely controlled. The Perfusions under steady flow were performed in a transparent wall shear stress (t) was calculated from the equation, t Å (6Qrh)/ rectangular perfusion chamber according to a modification of the (wrh 2 ), in which Q is the flow rate, h the suspending-medium viscosoriginal chamber described by Sakariassen et al. 20 The chamber has ity, w the slit width, and h the slit height. 20 a slit height of 0.3 mm and width of 6 mm, and contains two circular plugs on which mounted cover slips are exposed to blood, plasma,
Evaluation of Adhesion and Rolling
or cell suspensions. Neutrophils in suspension (2 1 10 6 /mL in HEPES buffer at 37ЊC) were aspirated from a reservoir through Neutrophil perfusions were performed and evaluated as described previously. 22 During the perfusion, the flow chamber was mounted plastic tubing, a valve, and the perfusion chamber by a Harvard AID Blood 0037 / 5h2a$$$722 11-26-96 09:08:25 blda WBS: Blood on a microscope stage (DM RXE; Leica, Weitzlar, Germany) equipped with a B/W CCD video camera (Sanyo, Osaka, Japan) coupled to a VHS video recorder. Perfusion experiments were recorded on video tape. Video images were evaluated for the number of adhered cells with a Quantimet 570C image-analysis system (Leica/ Cambridge). The number of surface-adhered neutrophils was measured after 5 minutes of perfusion at a minimum of 30 randomized high-power fields (total surface ú 3 mm 2 ) unless stated otherwise. The rolling velocity of cells was measured as described previously. 22 In short, a sequence of images was digitally captured with a preset time interval (dt). At each image, the position of each cell was detected, and for all subsequent images the overlapping cells were added together. The distance moved by each cell and the number of images in which a cell appeared was measured. Cell velocities (v) in micrometers per second were calculated from the equation, v Å L/dtr(x 0 1), in which L is the distance (micrometers), dt is the time interval between images (seconds), and x is the number of images in which a cell appears. The cutoff value to distinguish between rolling and static adhesion was set at 1 mm/s. With this method, static adherent, rolling, and freely flowing cells (which were not in focus) could be clearly distinguished.
Statistical Analysis
Results are expressed as the mean { SE. Statistical analysis of the data was performed using a paired Student's t-test for single measurements or repeated-measures analysis of variance (MA-NOVA) for series of measurements. P values less than .05 were considered significant.
RESULTS
The described results cover the adhesion of PMNs to fibrin(ogen)-coated surfaces under flow conditions. The experimental variables are wall shear stress and the presence of platelets and plasma proteins on the surface. The presence of inhibiting antibodies during the PMN perfusion was investigated also.
PMN Adhesion to Fibrin and Platelets
Human neutrophils can bind to platelets and fibrin(ogen) in suspension. In addition, previous studies show that surface-bound platelets support adhesion of circulating PMNs, and that shear stress is a key factor in this process. 22, 23 Here, we examined the effect of shear on PMN adhesion to platelets and to fibrin in the presence or absence of platelets. Therefore, ECMs with a fibrin network, platelets, or both were used for PMN perfusions at shear stresses ranging from Table 1 ). PMNs adhered specifically to the fibrin-covutes of perfusion (mean Ô SE, n ! 4). Fb-flow showed significantly ered areas and not to the ECM. Figure 2A shows the total less adhesion as determined by repeated-measures ANOVA (P Ú .05).
number of adhered PMNs (static / rolling cells) after a some adhesion still left at shears up to 320 mPa (Fig 2A) . Figure 1D shows a fibrin network with platelets (Fb / platelets; Table 1 ). After a perfusion with PMNs, no clear colocalization with loci containing platelets was observed. Howdent with increasing shear. At a shear of 40 mPa, the difference was not statistically significant. At 640 mPa, no PMNs ever, at all shear stresses tested, the presence of platelets at the surface induced more adhesion versus the surface with adhered to Fb-flow, whereas greater than 150 cells/mm 2 still adhered to the platelet surface. No differences in the number fibrin alone (Fig 2A) Glass cover slips coated with tissue factor-rich ECM of PMA-stimulated HUVECs were treated under different conditions. This pretreat-PMN adhesion to Fb-flow and Fb-static was studied in more ment resulted in cover slip coating with plasma factors and platelets detail.
in different combinations and quantities (see Table 1 ). Subsequently, the surfaces were used in a PMN perfusion. Isolated neutrophils were fivefold more PMN adhesion, respectively, than Fb-static In accordance with previous studies, 22, 23 PMNs showed a (Table 3 ). The effect of fibrin fiber alignment on PMN adheclear rolling adhesion on the platelet surface, especially at sion was examined in more detail. Different shear stresses, higher shear stress (Fig 2B) . At a shear stress of 640 mPa, ranging from 0 (static) to 80 mPa, were used for fibrin forma-52% { 3% (n Å 4) of the cells showed rolling adhesion at tion on tissue factor-rich ECM. During the static incubation, platelets (cells with velocity ú 1 mm/s). However, at the a fibrin network consisting of randomly distributed fibers same shear, PMNs on a Fb / platelets surface showed sigwas formed (Fig 1A) . Fibrin formed under shear conditions nificantly less rolling adhesion (25% { 7%, n Å 4, P õ (at 1, 20, and 80 mPa) consisted of fibrin fibers that were .05). On the Fb-flow surface, little rolling was observed at increasingly aligned along the direction of flow (Fig 1B and  all shear stresses tested (Fig 2B) .
C). Figure 3 shows PMN adhesion to these fibrin surfaces after a perfusion at a shear stress of 200 mPa. All fibrin Different Surfaces and PMN Adhesion surfaces formed under flow conditions showed increased PMN adhesion compared with Fb-static. Increasing the shear Table 2 shows the number of PMNs adhering to different fibrin and platelet surfaces after perfusion at a shear stress stress during fibrin formation, and thereby the extent of fiber alignment, resulted in increased PMN adhesion. Fibrin of 80 or 200 mPa. The presence of fibrin/fibrinogen, platelets, and plasma proteins on the different surfaces is described in Table 1 . To further examine the role of platelets in the interaction with PMNs, the complete absence of plate- (Table 2) . Apparently, residual platelets in the fibrin network
Cover slips coated with tissue factor-rich matrix of HUVECs were did not influence adhesion.
either incubated with heparinized PPP (20 minutes at 37ЊC), forming
The effect of the presence of plasma proteins in the fibrin (eg, Fb-static) ( Table 2 ). In conclusion, at a shear stress of 80 (Table 4) . Using Fb-static as a surface, functionally blocking antibodies CD18 and CD11b, showed similar results compared with Fb-flow (Table 4) . Blocking of the b 2 -integrin MAC-1 by these antibodies showed greater than 80% decreased adhesion at shear stress 80 mPa and greater than 90% at shear 200 mPa. Also, other surfaces, such as Fb-pure and fibrinogen-pure, showed similar results in CD11b-and CD18-blocking studies (data not shown).
Effect of Soluble Fibrinogen
To characterize the possible effect of soluble fibrinogen on PMN adhesion to fibrin and platelets, purified fibrinogen was added at different concentrations during perfusion. Two different fibrin surfaces were used: fibrin formed from plasma under flow conditions with or without platelet deposition (Fb-flow and Fb / platelets). Addition of soluble fibrinogen resulted in a significant decrease in PMN adhesion to Fb-flow (Fig 4) . Interestingly, soluble fibrinogen showed no effect on PMN adhesion to Fb / platelets. At a concentration of 2.5 g/L and higher, soluble fibrinogen significantly PMN adhesion was restored to 80% { 7% (n Å 4) of the control value (results not shown). Loss of the inhibitory effect after washing could be explained by the low binding formed at a shear stress of 80 mPa showed a threefold inaffinity of fibrinogen for unstimulated PMNs. When the neucrease compared with Fb-static. The orientation of fibrin trophils were washed and diluted in citrated plasma with a fibers formed under flow conditions appeared to be imfibrinogen concentration of approximately 2 to 5 g/L, PMN portant, since a 90Њ turn of the cover slip coated with fibrin adhesion decreased to 20% { 7% (n Å 4) of the control (Fig  formed at shear stress 80 mPa [Fb-flow (shear 80)] showed 4). In contrast, addition of purified human albumin (5 g/L wt/ no significant increase of PMN adhesion compared with Fbvol) to the neutrophil suspension did not induce a significant static (116% { 26%, n Å 8; results not shown).
decrease in adhesion.
Time Dependency of PMN Adhesion to Fibrin Inhibition of PMN-Fibrin Interaction With Antibodies
To show that at physiologic plasma concentrations of fiThe role of several cellular adhesion molecules, such as brinogen PMN adhesion to fibrin is still possible, we perb 2 -integrins, in PMN adhesion to fibrin was investigated fused neutrophils for 15 minutes in the presence and absence using MoAbs. Table 4 shows the results using Fb-flow as of 2.5 g/L fibrinogen. As a surface, we used a fibrin network the adhesive surface at shear stresses of 80 and 200 mPa.
formed under flow conditions (Fb-flow; Fig 1B) . PMNs were All antibodies induced similar results at both shear stresses.
perfused at a shear stress of 80 mPa. PMN adhesion inIncubation of PMNs with a CD18 antibody (clone IB4), creased at a rate of approximately 130 cells/mm 2 /min, which blocks adhesion through LFA-1, MAC-1, and whereas in the presence of soluble fibrinogen, 30 cells/mm 2 p150.95, showed a decrease in PMN adhesion of 88% and adhered per minute (Fig 5) . This constant increase persisted 96% at 80 and 200 mPa, respectively (Table 4) interaction of leukocytes with these thrombi will influence platelets) caused an increase of neutrophil adhesion. This effect was more pronounced at higher shear stresses (Fig  vascular repair and is likely to be of great importance in the pathophysiology of thrombosis, atherosclerosis, and vasculi-2A), demonstrating the important role of platelets in leukocyte adhesion at high shear conditions. In earlier studies, we tis. Until now, all leukocyte-fibrin(ogen) adhesion studies have been performed using purified proteins, such as fibrinshowed that P-selectin is expressed on surfacebound platelets and mediates PMN rolling on platelets at high shear ogen and thrombin, or fibrin formed under static conditions. 26, 27 However, the formation of a fibrin network is a stresses. 22 Here, we show that platelets alone support up to 50% of rolling adhesion, whereas a fibrin network induces complex process influenced by many different factors such as the presence of (1) platelets, (2) plasma proteins, and (3) mainly static PMN adhesion (õ10% rolling cells). Platelets and fibrin together on a surface form a potent substrate for flow. In this report, we describe the cell-protein interaction under flow conditions between PMNs and fibrin and the role firm, shear-resistant PMN adhesion (Fig 2B) . In this mixedthrombus model, P-selectin/ligand interactions induce rollof platelets in this interaction. Different types of fibrin and fibrinogen deposition were used to determine which of the ing, while MAC-1 binding to fibrin induces static adhesion. In this manner, PMNs are able to adhere at high physiologic factors mentioned influence PMN adhesion to fibrin under flow conditions. shear stresses.
Presence of Plasma Protein in Fibrin Network Platelets
Pronounced differences are described for fibrin networks Since surface-bound platelets are known to be potent in inducing PMN adhesion under flow conditions, we examined developed in plasma and those developed in pure fibrinogen solution. Networks formed in plasma have thicker fibers, are the effect of platelets in a fibrin network on PMN adhesion. Most of the experiments were performed using Fb-flow surmore permeable, and have lower tensile strength. 28 Evidently, fibrinogen and thrombin concentrations are important faces in which a few single platelets are present. This surface proved to be potent for adhesion of unstimulated PMNs factors in fibrin formation, but calcium ions, albumin, factor XIII, and thrombospondin are also reported to affect fiber under flow conditions. Using blocking MoAbs against Pselectin, no role for platelets in PMN adhesion to Fb-flow thickness and density. 28 From Table 2 , it can be concluded that the presence of plasma proteins during fibrin formation could be established (Table 4 ). In addition, by making fibrin from filtered plasma [Fb-flow (no platelets)], it was shown does not have an effect on PMN adhesion (compare Fbstatic with Fb-pure and fibrinogen-pure). Accordingly, no that the absence of residual platelets did not affect PMN adhesion to fibrin ( (Table 4) .
Receptors and Recognition Sites
Neutrophil receptors involved in the adhesion of PMNs to the fibrin network under flow conditions were characterized. Clearly, adhesion was critically dependent on b 2 -integrins. In particular, the potent ability of CD11b and CD18 MoAbs to inhibit PMN adhesion to fibrin under flow indicates the important role of MAC-1 (CR-3) in this process. Adhesion of PMNs to fibrinogen and fibrin without additional stimulation was also described in other systems. In most cases, this spontaneous binding occurred at a low affinity, which was increased after stimulation.
14 In this respect, the resting status of the isolated neutrophils was confirmed by (1) no spontaneous homotypic aggregation and (2) a low FMLP-induced respiratory burst that could be measured. This indicates that no appreciable activation or priming occurred during isolation (results not shown). Consistently, fibrinogen bound with described until now. Also, in a protocol similar to ours, platelet adhesion to fibrin formed from plasma was not different from adhesion to purified fibrin. 25 Flow Figure 1 shows that fibrin fibers formed under flow conditions on a prothrombin-activating surface are thick and oriented in the direction of the flow, whereas static-formed fibrin consists of thinner and more randomly distributed fibers. These typical structural features were also described in more detail by others. 29, 30 In vivo and in a nonanticoagulated whole-blood perfusion system, thick and flow-oriented fibers were also observed.
5,31 Only recently, it was suggested that differences in network structure and fibrin orientation affect platelet adhesion and activation. 25 Platelets adhering to a Fbflow surface did form large aggregates, whereas fibrin formed under static conditions only induced adhesion of spread platelets with no aggregates, indicating a less activated phenotype. In our experiments with PMNs, the align- fibrin (by its formation at increasing shear) (Fig 3) . Whether 
